BEHAVIORAL NEUROSCIENCE 

Acetaldehyde-ethanol interactions on calcium-activated 
potassium (BK) channels in pituitary tumor (GH3) cells 

Astrid G. Handlechner", Anton Hermann \ Roman Fuchs^ and Thomas M. Weiger^* 

' Division of Cellular and Molecular Neurobiology, Department of Cell Biology, University of Salzburg, Salzburg, Austria 
' Neurosignaling Unit, Department of Organlsmic Biology, University of Salzburg, Salzburg, Austria 



ORIGINAL RESEARCH ARTICLE 

published: 14 June 2013 
doi: 10.3389/fnbeh. 2013. 00058 




Edited by: 

Merce Correa, Universitat Jaume, 
Spain 

Reviewed by: 

Alejandro Dopico, The University of 
Tennessee Health Science Center, 
USA 

Marco Diana, University of Sassari, 
Italy 

*Correspondence: 

Thomas M. Weiger, Division of 
Cellular and Molecular Neurobiology, 
Department of Cell Biology, 
University of Salzburg, 
Hellbrunnerstralie 34, 5020 
Salzburg, Austria 
e-mail: thomas. welger@sbg.ac.at 

^Recipient of a 

DOC-fFORTE— fellowship of the 
Austrian Academy of Science. 



Background: In the central nervous system ethanol (EtOH) is nnetabolized to acetaldehyde 
(ACA) primarily by the oxidative enzyme catalase. Evidence suggests that ACA is 
responsible for at least some of the effects on the brain that have been attributed 
to EtOH. Various types of ion channels which are involved in electrical signaling are 
targets of EtOH like maxi calcium-activated potassium (BK) channels. BK channels exhibit 
various functions like action potential repolarization, blood pressure regulation, hormone 
secretion, or transmitter release. In most neuronal and neuroendocrine preparations 
at physiological intracellular calcium levels, EtOH increases BK channel activity. The 
simultaneous presence of ACA and EtOH reflects the physiological situation after drinking 
and may result in synergistic as well as antagonistic actions compared to a single 
application of either drug. The action of ACA on electrical activity has yet not been fully 
established. 

Methods: GH3 pituitary tumor cells were used for outside-out and inside-out patch-clamp 
recordings of BK activity in excised patches. Unitary current amplitude, open probability 
and channel mean open time of BK channels were measured. 

Results: Extracellular EtOH raised BK channel activity. In the presence of intracellular ACA 
this increment of BK activity was suppressed in a dose- as well as calcium-dependent 
manner. Mean channel open time was significantly reduced by internal ACA, whereas BK 
channel amplitudes were not affected. The EtOH counteracting effect of ACA was found 
to depend on succession of application. EtOH was prevented from activating BK channels 
by pre-exposure of membrane patches to ACA. In contrast BK activation by a hypotonic 
solution was not affected by internal ACA. 

Conclusions: Our data suggest an inhibitory impact of ACA on BK activation by EtOH. 
ACA appears to interact specifically with EtOH at BK channels since intracellular ACA had 
no effect when BK channels were activated by hypotonicity. 
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INTRODUCTION 

Evidence suggests that acetaldehyde (ACA) is responsible for at 
least some of the effects on the brain that have been attributed to 
ethanol (EtOH) (Quertemont et al, 2005a). Peripheral accumu- 
lation of ACA in the blood accounts for aversion by producing 
unpleasant physical symptoms (Eriksson, 2001). This is differ- 
ent in the brain where ACA is supposed to be responsible for 
some rewarding and reinforcing effects of EtOH (Rodd-Henricks 
et al, 2002; Quertemont et al., 2005b; Karahanian et al., 2011). 
Importantly, EtOH oxidation has been found within the living 
brain revealing catalase to be the predominant enzyme responsi- 
ble for ACA accumulation (Zimatkin et al, 1998; Zimatkin and 
Buben, 2007). The question, whether effective amounts of ACA 
derived from peripheral EtOH metabolism can pass through the 
blood-brain-barrier has, however, not been answered conclusively 
(Correa et al., 2011). 

ACA has been shown in a few studies to modulate ion chan- 
nels. For instance the action potential activity of dopaminergic 



neurons in the mesolimbic system is increased due to its action on 
lA (A-type) and Ih (hyperpolarization-activated inward) cur- 
rents (Foddai et al., 2004; Melis et al., 2007). In contrast a decrease 
in activity was reported for voltage-gated L-type calcium channels 
in neuronal cells (Bergamaschi et al., 1988) and in smooth muscle 
cells (Morales et al, 1997). 

GH3 cells, isolated from rat pituitary tumors, are excitable 
neuroendocrine cells which produce growth hormone and 
prolactin (Tashjian et al, 1970). Further, they express calcium- 
activated maxi potassium channels (also referred as BK, Maxi- 
Kca, KCNMAl, KCal.l, or Slol channels) and are used in numer- 
ous studies as model cells to study BK channel properties (for 
review see: Weiger and Hermann, 2009; Hermann et al, 2012a). 
Our study focused on these channels, which are abundantly 
expressed throughout the body and exhibit various functions 
like action potential repolarization, regulation of blood pres- 
sure, hormone secretion or transmitter release (recently reviewed 
in Hermann et al., 2012a). BK channel activity is initiated by 
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depolarization and enhanced by the simuhaneous increase in free 
intracellular calcium (Ca^+) concentration (McManus, 1991). 
According to this property BK channels represent a link between 
the intracellular second messenger system and the electrical state 
of the cell membrane. BK channel activity can be altered by a wide 
variety of modulatory factors, including changes in pH (Church 
et al, 1998), redox potential (DiChiara and Reinhart, 1997), 
protein kinases or phosphatases (Reinhart et al., 1991; Reinhart 
and Levitan, 1995), interactions with auxiliary beta (P) subunits 
(Weiger et al., 2000), or gasotransmitters (Hermann et al., 2012b). 
BK channels are also involved in behavioral processes like clock 
controlled behavior (Montgomery et al, 2013), in behavioral 
responses to EtOH (Davies et al., 2003), or react to social stress 
with a change in expression patterns (Chatterjee et al., 2009). 

BK channels as integral membrane proteins are prominent cel- 
lular targets for EtOH, which is well documented to increase BK 
channel activity via a Ca^+ and protein kinase C (PKC) depen- 
dent mechanism in a dose dependent manner. This potentiation 
is based on the increment of channel open probability (Po) and 
mean channel open time (MCOT) and thus is related to channel 
gating, whereas ion conductance and selectivity are not affected 
(Dopico et al, 1996; Jakab et al, 1997). The EtOH-mediated 
activation of BK channels leads to hyperpolarization of the mem- 
brane potential disposing the cell to reduce hormone secretion 
and transmitter release (Dopico et al., 1999). Furthermore, BK 
channels show fast adaptation to EtOH appearing in the form of 
a rapidly reduced sensitivity to acute EtOH exposure within a few 
minutes. This molecular tolerance is intrinsic to the channel and 
can be overcome by the association with a P4-subunit, an assem- 
bly often found in the brain (Martin et al, 2008). EtOH as well 
as hypotonicity (Hypo) induce cell swelling and both increase BK 
channel activity. Additionally, EtOH induced cell swelling comes 
along with an increment of the intracellular Ca^^" concentration 
(Jakab et al., 2006). With regard to physiological effects, EtOH 
modulation of BK channels influences neuronal excitability, cere- 
brovascular tone, brain function, and behavior (Brodie et al., 
2007; Liu et al, 2008). 

Basic knowledge about neurochemical mechanisms and 
molecular targets of ACA is poor. Little is known about the 
action of ACA on ion channels, including BK channels. Although 
EtOH and ACA are present simultaneously in brain after drink- 
ing usually each of these chemicals is investigated separately in 
experimental settings. In our study both drugs were applied indi- 
vidually, simultaneously or successively in order to reveal possible 
interactions. 

MATERIALS AND METHODS 
CELL CULTURE 

GH3 pituitary tumor cells were cultured in MEM-Eagle 
(Minimum Essential Medium, Sigma, Vienna, Austria), enriched 
with 7% fetal bovine serum and with 3% horse serum (sera from 
Invitrogen, Vienna, Austria). Cells were grown in tissue culture 
flasks at 37°C, 95% humidity and 5% CO2 and fed two times 
a week. For electrophysiological recordings cells were seeded on 
PDL (poly-D-lysine, Sigma, Vienna, Austria) coated glass cover 
slips and used after 2-5 days for experiments. Cell passages 10-60 
(internal count) were used in this study. 



SOLUTIONS 

All chemicals were from Sigma (Vienna, Austria). Bath solu- 
tion (mM): 145 NaCl, 5 KCl, 1 MgCl2, 1 CaCb, 10 HEPES, 
10 glucose; EtOH solution isoosmolar (mM): 130 NaCl, 5 
KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 10 glucose, 30 EtOH; 
30% hypotonic solution (mM): 110 NaCl, 5 KCl, 1 MgCl2, 1 
CaCl2, 10 HEPES, 10 glucose; standard pipette solution (mM): 
140 KCl, 2 MgCl2, 0.88 CaCb, 1 EGTA (which resuks in 
1.2 (jlM free Ca2+), 20 HEPES, 20 glucose, 1 ATP For solu- 
tions with 3 (xM and 10 |xM free internal Ca^+ 1 mM HEDTA 
was used as Ca^+ buffer; 0.043 mM total Ca^+ (CaCl2) result 
in 3[iM free Ca^+, and 0.125 mM total Ca^+ result in 10(jlM 
free Ca^^". Free internal Ca^+ concentrations were calculated 
with the Webmaxc extended calculator: http://www.stanford. 
edu/~cpatton/webmaxc/webmaxcE.htm. pH-values of all solu- 
tions were adjusted to 7.2. Osmolarities of solutions were con- 
trolled with a manually operated Micro-Osmometer (Type OM 
806, Loser, Berlin, Germany) and adjusted to 315-325 mOsm. 
Within an experimental setting the difference in osmolarities did 
not exceed 5 mOsm. 

ACA (Sigma, Vienna, Austria) was diluted into the standard 
bath solution (extracellular side of the cell membrane) to result 
in final bath concentrations of 300 [iM, 1 mM, 3 mM, or 10 mM, 
into EtOH containing solutions (applied to the extracellular side 
of the cell membrane) to give a final concentration of 100 (jlM 
or into the standard pipette solution (intracellular side of the 
cell membrane) to produce final pipette concentrations of 30 nM, 
100 nM, 300 nM, 1 (jlM, 30 (xM, 100 (jlM, or 300 (jlM. Actual con- 
centrations of ACA in solutions used for perfusion to the extra- 
cellular side were tested with an ACA-assay-kit (Megazyme, Bray, 
Ireland) according the manufactures guidelines. Since up to 20% 
of ACA concentrations were found to evaporate during 30 min 
at room temperature the effective concentrations were between 
80-100 |iM, usually close to 90 [lM within the experimental time 
course. ACA containing solutions were discarded after 30 min. 
ACA and other equipment such as pipettes and pipette tips were 
kept in the fridge. Stock solutions were kept on ice and sealed with 
parafilm. All ACA containing solutions for perfusion were pre- 
pared immediately before use. Pipette solutions containing ACA 
held in the filling syringe were kept on ice and filled into the 
electrodes stored at room temperature. Then the electrodes were 
slightly warmed up by rubbing between the fingertips for at least 
15 s and subsequently used for recordings. In order to rule out 
an impact of temperature itself on channel activity this procedure 
was also applied to control measurements. 

ELECTROPHYSIOLOGY 

Recordings were performed at room temperature (20-23° C). 
Single channel recordings were obtained in the outside-out and 
inside-out mode as described previously by Sitdikova et al. (2010). 
Cell free patches were clamped to a holding potential of -1-30 mV 
for outside-out and — 30mV for inside-out patches which is 
caused by the sign inversion technically necessary in inside out 
patches to receive a -|-30 mV depolarization at the internal side 
of the membrane. All recordings were started with control per- 
fusion (bath or pipette solution) over a period of 1 min in 
order to exclude false results introduced by sheer forces due to 
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the flow of the perfusate. Microelectrodes were vertically pulled 
from borosilicate glass capillaries (GB150F-10, Science Products, 
Hofheim, Germany) for outside-out patches and from Garner 
Glass, Type 7052 (Claremont, California, USA) for inside-out 
patches. Patch pipettes used had usually tip resistances of 5-8 
MegaOhm. Test solutions were applied via a gravity-driven per- 
fusion system (ALA Scientific Instruments Westbury, New York, 
USA). For rapid solution exchange (about 300-500 ms) mem- 
brane patches were held in a stream of the experimental solution 
from a second pipette. Analog signals were amplified with an 
Axopatch 200B amplifier (Axon Instruments/ Molecular Devices, 
Sunnyvale, California, USA) and converted to digital signals 
by an Axon Instruments 1322A Digidata interface. Recordings 
were taken with a low pass Bessel filter at a frequency of 5 kHz 
and filtered offline at 1 kHz before further analyses using Axon 
pClamplO software (Clampfit, Axon Instruments). Channel Po 
was expressed as Popen = NPo/n, where NPo = [(fo)/(fo + fc)]> 
Po = open probability for one channel, tg = sum of open times, 
tc = sum of closed times, N = actual number of channels in 
the patch, and n = maximum number of individual channels 
observed in the patch at -1-30 mV. Channel mean open time 
and unitary current amplitudes were measured using Clampfit 
software (Axon Instruments). 

STATISTICS 

Measurements were replicated several times with different mem- 
brane patches. The number of recordings (i.e., "replicates" or 
n) per experiment is mentioned in the text or in the legends of 
the graphs. Each recording or n represents a single patch of an 
individual cell. Data are shown as arithmetic mean ± standard 
error of mean (SEM). Since original data partially exhibit non- 
normality and heteroscedasticity, the respective data sets were 
subjected to appropriate transformations [logit-transformation 
for Po and log-transformation for MCOT] before paramet- 
ric statistical testing was applied. For statistical analyses the 
following parametric tests were then performed on the trans- 
formed data: Paired or unpaired Student's f-test. One-way or 
Repeated Measures ANOVA followed by Bonfferoni-corrected 
post-hoc tests. Statistic significance was assumed at a p-value of 
<0.05. Dose-response-relation was fitted with GraphPad Prism 
(GraphPad Software Inc., San Diego, USA) to the following 
sigmoidal dose-response-equation: 7 = 1/(1 -|- 10"((LogEC50- 
X) X HillSlope)). X is the logarithm of concentration, Y is the 
response, EC50 is the half maximal effective concentration. 

RESULTS 

EXTRACELLULAR ACA 

Extracellular ACA did not affect BK channel properties irrespec- 
tive of the concentration applied [at free internal Ca^^" con- 
centrations ([Ca^+]i) of 1.2 [jlM]. Data of all experiments were 
analyzed with regard to ACA mediated alterations in BK chan- 
nel Po (Table 1), mean channel amplitude and MCOT (data not 
shown). 

INTRACELLULAR ACA 

In single channel recordings from excised inside-out patches, 
ACA (100 (xM) was applied to the intracellular side of the 



Table 1 | Effect of extracellular ACA (ACAe) on BK channel open 
probability [Po) compared to control conditions (con) at 1.2|j,M 
[Ca^+li and after wash out (w. o.). 



[ACA]e 




Po con 


Po ACAe 


Po W. 0. 


300 (aM (n 


= 7) 


0.056 ±0.01 5 


0.059 ±0.01 7 


0.060 ±0.020 


1 mM [n = 


9) 


0.046 ±0.017 


0.048± 0.019 


0.041 ±0.010 


3mM in = 


6) 


0.039 ±0.005 


0.043 ±0.005 


0.041 ±0.005 


lOmM (n = 


= 6) 


0.079 ±0.043 


0.072 ±0.039 


0.066 ±0.035 



Extracellular ACA In different concentrations (lACAle) did not affect BK channel 


open probability. 








Table 2 | Effect of 30 mM EtOH on BK channel open probability (Po) 


compared to control conditions (con) at different levels of [Ca^"*"]!. 


[Ca2+]i 


Po con 


Po EtOH 


Po W. 0. 


1.2 (iM (n = 23) 


0.065 ±0.011 


0.097 ±0.012*** 


0.069 ±0.011 


3iiM (n = 9) 


0.102 ±0.023 


0.120±0.026** 


0.101 ±0.032 


IOm-M (n = 8) 


0.246 ±0.072 


0.238 ±0.063 


0.207 ±0.074 



The increasing effect was fully reversible after wash out (w. o.). Paired Student's 
t-test **'p < 0.001, "p < 0.01. 



membrane. The effect of ACA was tested at ([Ca^+Ji) of 1.2 (jlM 
in = 10), 3 (xM (n = 6), and 10 (jlM (n = 9). BK channel Po and 
single channel amplitudes were not affected by internal ACA 
irrespective of the [Ca^+]i (data not shown). However, mean 
open time of BK channels was significantly reduced at 1.2 (jlM 
[Ca^+]i (control: 1.931 ± 0.507ms; ACA: 1.721 ± 0.546ms*, 
Paired Student's f-test: *p < 0.05), but not at 3 [iM or 10 jjlM 



2+1 



[Ca 



EFFECT OF ETHANOL ON BK CHANNELS 

The effect of EtOH was tested at different [Ca^+]i of 
1.2 (jlM, 3[iM, and lOjxM. Application of 30 mM isoosmo- 
lar EtOH increased BK channel Po significantly at low, but 
not at high [Ca^+]i (Table 2; also see Figures 1, 2B/left pan- 
els, respectively). The activation remained constant for the 
time of EtOH application (Imin) and was not transient as 
described previously by Jakab et al. (1997). Channel ampli- 
tudes and MCOTs were not affected (data not shown). The 
activating effect was fully reversible by reperfusion with bath 
solution. 

COMBINED EFFECT OF EtOH AND ACA 
Extracellular ACA application 

In outside-out single channel recordings EtOH (30 mM) was 
applied simultaneously in combination with ACA (100 (jlM) to 
the extracellular side of cell membrane at 1.2 (jlM [Ca^+]i. These 
experiments were done in order to reveal possible interactions 
of EtOH and ACA on BK channels at the outer surface of the 
membrane. BK channel Po was significantly increased by extra- 
cellular application of EtOH and ACA in combination. The 
EtOH-mediated increment of BK channel activity was highly sig- 
nificant irrespective of the presence of external ACA (Figure 1). 
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Open probability 



o 



0.12-1 
0.10- 
0.08- 
0.06- 
0.04- 
0.02- 
0.00- 



*** 




con 



EtOH 




con EtOH & ACAe 



FIGURE 1 I Combined extracellular EtOH/ACA application. Effect of 
30 mM EtOH in absence (left panel, Paired Student's Mest: '"p < 0.001, 
n = 23) and in presence of ACA at the extracellular side (ACAe, right panel. 
Paired Student's f-test: *'p < 0.01, n = 16). In both cases open probability 
(Po) was significantly increased connpared to control (con). 



Hence, external ACA was not able to affect EtOH action on BK 
channel activity. Amplitude and MCOT were not modified (data 
not shown). 

Intracellular ACA application 

In this experimental setting 30 mM isoosmolar EtOH was applied 
to outside-out patches via perfusion from the extracellular side. 
ACA was applied to the intraceDular side of the membrane 
in a concentration of 100 (jlM by addition to the pipette solu- 
tion. Therefore, internal ACA was present during the entire time 
course of the experiment. Figure 2A shows original traces from 
outside-out recordings under different experimental conditions 
corresponding to the bars in graph 2B. The increase of BK channel 
Po by extracellular EtOH, as shown in Figure 2B (left panel) was 
totally abolished by the simultaneous presence of 100 (xM ACA at 
the intracellular side at 1.2 |xM [Ca^+]i (Figure 2B/right panel). 
Furthermore, MCOT was significantly diminished in the presence 
of internal ACA (Figure 2C), but mean channel amplitudes were 
not affected. 

The suppression of the EtOH-mediated increment of BK chan- 
nel activity by internal ACA was dose dependent. Experiments 
were performed at 1.2 (jlM [Ca^+]i and intracellular ACA 
concentrations were increased from 30 nM (n = 10), 100 nM 
(n = 6), 300 nM (;i = 6), 1 (jlM (n = 6), 30 (xM (n = 7), 
100 |xM (n = 13) to 300 (xM {n = 6). Figure 3 shows a dose- 
response relationship with an EC50 at 403 nM ACA and a 
Hill coefficient (nn) of —1.738. The augmentation of BK 
channel Po at 30 mM isoosmolar EtOH as reference was 
set to 1. 

EtOH AND ACA APPLICATION IN VARIABLE SUCCESSION 

In further experiments we tested if there is any difference in 
the interaction of EtOH and ACA in dependency of succession 



A Original traces 

jAi— ULaJ I I ^ LJI-J,,., i.„ii, I,. 



Con 




EtOH & ACAi 



0.1 s 



0.12-1 




0.10- 




0.08- 




£ 0.06- 




0.04- 




0.02- 
0.00- 





Open probability 
*** 




con 



EtOH 



100 ^JMACAi 




con 



EtOH 



M 

E 



2.5-1 
2.0- 
1.5- 
1.0- 
0.5- 
0.0- 



Mean channel open time 




con 



EtOH 



100 ijMACAi 



EtOH 



FIGURE 2 I Effect of EtOH in absence and presence of internal ACA 
(ACAi). (A) Representative original traces from outside-out patches under 
control (con) conditions, during perfusion with EtOH alone and under the 
influence of EtOH and ACAi. (B) Open probability (Po) was significantly 
increased (n= 23, Paired Student's f-test: ***p < 0.001) by 30 mM EtOH 
compared to control (con, left panel). This increment was totally abolished 
in the presence of 100 \iM ACAi (right panel, n = 13, Unpaired Student's 
t-test: **p < 0.01). (C) Mean channel open time was significantly reduced in 
the presence of 100 \lM ACAi (Unpaired Student's Mest: *p < 0.05) under 
control conditions as well as under EtOH. 
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of the drugs. Our results indicate a "first come, first serve" 
effect. In inside-out experiments 30 mM EtOH and/or 100 (iM 
ACA were applied to the intracellular side of the membrane 
in varying sequences. Recordings were performed at 1.2 |xM 
[Ca^+]i. Original data of the individual experiments as well as 
the sequence of application are listed in Tables 3, 4 and Figure 4, 
respectively. 



Table 3 | Sequence (|) of application from top to bottom: 
con-EtOH-ACA-EtOH and ACA together. 



Application sequence 


Po 


con 1 


0.165 ±0.065 


EtOH (30 mM) 


0.214± 0.086* 


ACAdOOiiM) X 


0.191 ±0.076 


EtOH (30 mM) and ACA (100 ixM) ^ 


0.164± 0.066 



Only the application of EtOH alone resulted in a significant increase of BK 
channel open probability (Po), (n = 5, Repeated Measures ANOVA followed by 
Bonferroni's Multiple Comparison Test: *p < 0.05) compared to control Icon). 



Table 4 | Sequence (|) of application from top to bottom: 


con-ACA-EtOH. 






Application sequence 


Po 


MCOT 


con 1 


0.258 ± 0.084 


1.297 ±0.253 


ACAdOOiiM) 1 


0.267 ±0.092 


1.075±0.235|** 


EtOH (30 mM) T 


0.260 ±0.084 


1.354 ±0.291 



BK channel open probability (Po) was affected neither by ACA nor by EtOH (n = 6, 
Repeated Measures ANOVA followed by Bonferroni's Multiple Comparison Test), 
but mean channel open time (MCOT) was significantly lower under ACA treat- 
ment compared to MCOT under EtOH (ACA vs. EtOH, "p < 0.01, Paired 
t-test). 



ACA SUCCEEDS AN EtOH APPLICATION 

As known from previous experiments (see also Table 2) BK 
channel Po was increased by EtOH when applied subsequent to 
a control solution. The following ACA reduced EtOH action. 
During ensuing application of EtOH and ACA in combination 
BK channel activity recovered to control level. Table 3 displays the 
sequence of application in direction of the arrow. The data show 
that the EtOH effect on BK channel Po is prevented following an 
ACA application and in presence of internal ACA, respectively. 
Channel amplitudes and mean open times were not affected (data 
not shown). 

EtOH SUCCEEDS ACA APPLICATION 

In this experimental setting the order was reversed, i.e., EtOH 
was applied following an ACA application. Both substances were 
applied separately. Internal ACA did not change BK channel Po 
significantly (as already described above), but surprisingly the 
action of a following EtOH application was inhibited regardless of 
the absence of ACA (Table 4). This indicates that the prevention 
of an EtOH-mediated increment on the Po was a lasting effect that 
occurred also after removal of ACA within the experimental time 
of 30 s after switching from ACA to EtOH. Channel amplitudes 
were influenced neither by EtOH nor by ACA, but MCOT was 
significantly lower under the impact of ACA compared to EtOH 
conditions. 

PERMANENT PRESENCE OF EtOH 

BK channel Po was significantly increased by the first EtOH appli- 
cation. In the presence of ACA this EtOH-mediated increment 
was progressively reduced and abolished, even when ACA was 
removed. A second application of EtOH alone was not able to 
activate BK channels anymore (Figure 4A). In control experi- 
ments we could show that EtOH is well able, however, to cause 
BK channel activation a second time, after a 1 min wash out with 
control solution (Figure 4B). Inhibition of another EtOH action 
did not arise without preceding ACA application. In both experi- 
mental settings channel amplitudes and MCOTs were not affected 
(data not shown). 

EFFECT OF ACA ON HYPOTONICITY INDUCED BK CHANNEL 
ACTIVATION 

Beside EtOH, Hypo is also well known to mediate BK chan- 
nel activation (Jakab et al., 2006). To investigate whether ACA 
specifically modulated EtOH-induced BK channel activation or, 
rather, ACA modulatory action extended to other BK channel 
activators, we tested the effect of internal ACA on Hypo-induced 
BK channel activation in outside-out recordings. A 30% hypo- 
tonic solution increased BK channel activity significantly. Internal 
ACA (100 |xM) was not able to modify this increasing effect 
(Figure 5). 

DISCUSSION 

ACA is supposed to be responsible for some of the pharmacologi- 
cal and neurobehavioral effects which so far have been assigned 
to EtOH (Quertemont et al, 2005a,b). We focused our inves- 
tigation on the direct ACA-mediated effects on BK channels as 
well as on the interference of ACA and EtOH. EtOH increases 




0.01 0.1 1 10 100 1000 

acetaldehyde [yiM] 

FIGURE 3 I Dose-response-relationship: The EtOH effect on BK cliannel 
open probability (P open) was progressively inhibited by increasing 
concentrations of ACA at the intracellular side of the membrane (EC50 = 
half maximal effective concentration = 403 ± 108 nM, nn = Hill coefficient 
= - 1 .738 ± 0.731 , semilogarithmic graph). 
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0.06n 



0.04- 



o 
Q. 



0.02- 



0.00- 









.".v. 










T 




.V.V.V. 

■■■■■■■ 

WJVJV 















con 



1. EtOH EtOH & ACA 2. EtOH 



Sequence of application 



0.06-1 



0.04- 



O 
Q. 



0.02- 



0.00^ 




Sequence of application 



FIGURE 4 I ACA inhibits further EtOH action: (A) BK cliannel open 
probability (Po) was significantly increased by the first EtOH application. The 
following simultaneous treatment with ACA and EtOH reduced the EtOH 
induced increment and prevented activation by a 2""^ separate EtOH (2. EtOH) 
application (n= 11, con vs. I.EtOH *p < 0.05, l.EtOH vs. 2. EtOH 'p < 0.05, 
Repeated Measures ANOVA followed by Bonferroni's Multiple Comparison 



Test). (B) In control experiments a 2"'' separate EtOH (2. EtOH) application 
after perfusion with control solution (1 min, wash out, w. o.) increased BK 
channel activity significantly. Without a preceding ACA application EtOH 
mediated activation was not impeded (outside-out patches, n = 9, con vs. 
I.EtOH **p < 0.01, con vs. 2. EtOH **'p < 0.001, Repeated Measures ANOVA 
followed by Bonferroni's Multiple Comparison Test). 
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FIGURE 5 I Effect of internal ACA on hypotonicity induced BK channel 
activation. BK channel open probability was significantly increased by a 
hypotonic solution at 1.2 iiM ICa^+li (left panel. Paired Student's t-test: 
*'p < 0.01, n= 4). Internal ACA (ACAi) did not affect this hypotonicity 
induced activation (right panel. Paired Student's f-test: *p < 0.05, n= 12). 



BK channel Po (Dopico et al, 1996; Jakab et al., 1997). ACA, as 
the first metabolic EtOH product, occurs concurrently with its 
progenitor under physiological conditions and hence we hypoth- 
esized that the simultaneous application of both substances may 
cause interactions. 

Extracellular application of ACA and EtOH represents a phys- 
iological situation which occurs when these molecules diffuse 
from the vascular system to the cells within the brain. EtOH as 
an amphiphilic molecule is able to penetrate the blood brain bar- 
rier (BBB) (Mendelson et al, 1990), to pass the lipid phase of cell 



membranes and to diffuse within the cytosol. ACA should at least 
partly be able to pass the BBB by diffusion (Quertemont et al., 
2005a; Correa et al., 2011). However, since aldehyde dehydroge- 
nase (ALDH) is highly effective in endothelial cells of the BBB, 
the amount of ACA in the brain produced by peripheral EtOH 
metabolism is rather small (Deitrich, 1987; Zimatkin, 1991). 
Hence, ACA concentrations derived from blood circulation are 
thought to be insufficient to cause central effects within the 
brain (Zimatkin et al, 2006; Zimatkin and Buben, 2007). Recent 
research indicates that both central EtOH degradation by catalase 
and peripherally produced ACA contribute to ACA accumulation 
in the brain (Jamal et al., 2007). We therefore tested if extracel- 
lular application of ACA influences BK channels. Concentrations 
of up to 10 mM did not affect BK channel properties. We also 
applied EtOH and ACA simultaneously to the extracellular side 
of the channels, but ACA did not alter the augmented channel 
activity induced by the action of EtOH. Since internally applied 
ACA, as discussed below, reduced BK channel mean open time 
significantly, these experiments support the idea that ACA is not 
able to cross the cell membrane in the short time range of a few 
minutes. 

After alcohol consumption ACA and EtOH are present 
together in the body. However, the concurrent application of 
EtOH and ACA has not been investigated previously. Concerning 
the simultaneous existence of EtOH and ACA in the brain as 
a consequence of EtOH degradation it was shown that EtOH 
oxidation occurs in the living brain. A study by Zimatkin et al. 
(2006) confirmed that catalase, an enzyme which predomi- 
nantly occurs in peroxisomes, plays a major role in the brain 
EtOH metabolism. The finding of ACA accumulation within cells 
(Zimatkin et al., 2006; Zimatkin and Buben, 2007) led to the 
conclusion that ACA can achieve some of its effects from the 
intracellular side of the membrane. Our experiments show that 
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intracellular ACA prevents the EtOH mediated increment of BK 
channel activity. This inhibition of the EtOH action on the BK 
channels was dose-dependent. The inhibitory impact of ACA on 
EtOH-induced BK channel activation did not change single chan- 
nel conductance which indicates that ACA does not interfere 
with potassium ions passing through the channel, neither does 
EtOH affect this ion passage (Brodie et al, 2007; Treistman and 
Martin, 2009). MCOT was reduced in the presence of internal 
ACA which points to an interaction of ACA with the channel gat- 
ing process. The reduction of MCOT by ACA was observed when 
applied together with EtOH, but also when ACA was applied sep- 
arately, suggesting a direct, non-EtOH dependent interaction of 
ACA with BK channels. In all our studies EtOH was unable to 
activate BK channels after a preceding internal ACA application, 
and most notably, the prevention of EtOH activation was a lasting 
effect which persisted after ACA removal, i.e., the continued pres- 
ence of ACA was not mandatory. On the other hand, if EtOH was 
applied previous to ACA, it was not able to sustain its effect on 
BK channels. The EtOH-mediated increment of BK channel Po 
was rapidly reduced and finally abolished in spite of the contin- 
ued presence of EtOH. In this respect EtOH and ACA appear to 
obey a "first come, first serve" rule, since ACA was able to coun- 
teract the action of acute EtOH on BK channels in a lasting way 
when applied first. 

BK channels are known to play a key role in behavioral 
tolerance to EtOH, since BK loss-of-function mutants of C. ele- 
gans are resistant to EtOH (Davies et al, 2003). Furthermore, 
Cowmeadow et al. (2005) could show in D. melanogaster that 
EtOH tolerance was only observed when BK channels were 
expressed. In BK nuU flies the capacity for tolerance was elim- 
inated. Tolerance develops as a consequence of prolonged or 
repeated drug consumption. This raises the question whether 
ACA may contribute to the mechanism(s) causing tolerance. In 
fact, BK channels display tolerance to EtOH-mediated effects after 
short- or long-term exposure which is manifested by a decrease 
in BK channel potentiation under continuous or repeated EtOH 
exposure (Jakab et al., 1997; Pietrzykowski et al, 2004; Yuan 
et al, 2008). This so-called molecular tolerance is intrinsic to 
BK channel alpha (a) -sub units and appears in the form of 
reduced sensitivity to EtOH within a few minutes due to a 
decrease in Ca^^" sensitivity during persistent exposure (Feinberg- 
Zadek et al, 2008). In presence of the accessory and mod- 
ulatory f54-subunit tolerance disappears (Martin et al, 2008). 
The lipid environment is an additional crucial factor modulat- 
ing intrinsic tolerance of BK channel a-subunits (Yuan et al., 
2008). Physiologically activation of BK channels by EtOH alters 
action potential discharge activity and neurotransmitter release. 
Since the cell tries to countervail against these alterations in 
order to keep the system in balance, these perturbations on 
the molecular level may have powerful influence on behav- 
ioral tolerance and addiction (Treistman and Martin, 2009). As 
the reduction of sensitivity to EtOH is a considerable compo- 
nent of tolerance ACA could be involved in this process. It 
could be argued that the inhibitory impact of internal ACA on 
EtOH related augmentation of BK channel activity reflects a 
kind of 'protective' effect under acute EtOH exposure, main- 
taining neuronal activity and excitability. This is interesting with 



regard to the continued ACA action which is preserved also after 
its removal. 

Our study shows that internal ACA reduces MCOT under con- 
trol conditions as well as in presence of EtOH. This reduction of 
MCOT did not result in alterations of Po, which can be explained 
by more frequent channel openings. We interpret this result as 
evidence of an interaction of ACA with the BK channel gating 
mechanism. It remains to be investigated if this is a direct effect 
where ACA interacts with some site of the channel protein, or 
is an indirect effect via some signaling pathways, such as phos- 
phorylation. There is evidence that the EtOH-related activation 
of BK channels is due to the stimulation of PKC (Jakab et al., 
1997) indicating that phosphorylation is an efficient modulatory 
factor in this process (Liu et al, 2006). Therefore, the inhibition 
of the EtOH-related effect via ACA could be caused by pre- 
vention of PKC-mediated phosphorylation. The mechanisms of 
ACA engagement in PKC phosphorylation processes need further 
investigation. 

Since the functional efficiency of some PKC species relies on 
intracellular Ca^+ availability ACA could achieve its counteract- 
ing effect on EtOH-induced BK channel activation by engag- 
ing with the Ca^+ influx into the cytosol. These considerations 
agree with the finding that ACA inhibits voltage-dependent Ca^+ 
channels. The inhibition of L-type Ca^+ channels by ACA was 
demonstrated both in neurons (Bergamaschi et al, 1988) and 
smooth muscle cells (Morales et al., 1997). Liu et al. (2008) pos- 
tulate that EtOH may simply act as an adjuvant of activating 
Ca^+ by selectively facilitating Ca^+ -driven gating, but without 
triggering alterations in protein conformation of BK channels or 
rearrangement of subunits. In addition, EtOH was shown to fail 
its activating action on BK channels in the absence of Ca^+. In 
fact, EtOH activation of BK channels depends on the amount of 
internally present Ca^^", displaying potentiation only at low but 
not at high Ca^+ concentrations (Dopico et al., 1998). Our results 
in this study confirm these findings. The effectiveness of the Ca^+ 
action depends on the high affinity sensors within the intracel- 
lular BK channel tail of the a-subunit, namely the calcium bowl 
and the RCKl (regulatory domain of K conductance). However, 
the RCK 1 domain is sufficient to promote inhibition at high Ca^+ 
levels. Hence, very high internal Ca^+ concentrations have a toxic 
impact on the physiological state of the cell, since inhibition of 
BK channels implies a lack of protection from excitotoxicity (Liu 
et al., 2008). The findings of our study demonstrate that internal 
ACA at high nanomolar concentrations is able to counteract BK 
channel potentiation by EtOH at low Ca^+ levels. At high Ca^+ 
levels ACA did not exhibit any decreasing effect on BK channel 
activity or MCOT, indicating that ACA is not able to override the 
impact of high Ca^+. 

Beside EtOH, Hypo is another mechanism which leads to an 
increase of BK channel activity (Jakab et al., 2006). The presence 
of intracellular ACA did not prevent the activation of BK chan- 
nels by Hypo. These findings suggest that EtOH and Hypo affect 
BK channels by different mechanisms and implicate a specific 
interaction of ACA and EtOH on BK channels. 

The reasons for the stunning absence of basic knowledge 
concerning effects of ACA on ion channels may be due to its 
chemical and physical characteristics. ACA is highly volatile at 
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room temperature which comphcates the appKcation of ACA 
in experiments performed especially in vitro. A farther prob- 
lem is that ACA concentrations of both blood and brain are 
difficult to quantify since the techniques to measure ACA lev- 
els by brain micro-dialysis in vivo is limited. Moreover, in vivo 
administered ACA is rapidly converted to EtOH by alcohol dehy- 
drogenase (ADH) in the liver and to acetate by ALDH in the 
liver and in the brain. In addition the question whether signif- 
icant ACA concentrations accumulate in the brain after alcohol 
ingestion is still a topic of controversial discussions (Deng and 
Deitrich, 2008; Correa et al., 2011). In consideration of these 
experimental and methodical restrictions it is not surprising that 
research on ACA is difficult and may still lead to inconsistent 
results. 

In summary, our study supports the notion that ACA is a key 
player in the context of EtOH action. ACA achieves its imme- 
diate effects on BK channels only from the intracellular side of 



the membrane. Furthermore, ACA does not interfere with BK 
channel activation by Hypo. This evidence suggests that EtOH, 
ACA, and Hypo affect BK channels via different mechanisms. The 
inhibitory impact of ACA on the EtOH mediated increase of BK 
channel activity implicates that ACA has to be carefully taken into 
account if EtOH effects are studied. ACA and EtOH should be 
treated as an entity in the context of the EtOH action, whose com- 
pound effects may be more dramatic than those of the individual 
drugs. 
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